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ABSTRACT
The goal of this research is to design and analyze a series-hybrid energy-production system for
an autonomous kayak. Currently these vehicles have limited range due to energy storage in lead
acid batteries. Extending the range would give the vehicles more operating time in their
environments, and allow a greater set of tests and experiments to be conducted. The system uses
a 4.5 kW diesel engine coupled to a 200 A marine alternator to charge a lithium ion battery bank.
The analysis here took the operating parameters of the engine and matched them to the alternator
to maximize the efficiency of the system. The overall second law efficiency of the system was
determined as 0.165, from the lower heating value of the diesel to the electric power delivered to
the trolling motor. Each of the various components was sized accordingly for this application.
The vessel will require 52 L of diesel fuel for operations lasting 30 days. The battery pack will
have a useful capacity of 808 Wh based on the charging conditions of the battery. The
components were arranged within the kayak in order to maintain stability, which will require
modifications to the existing layout of the kayak. The generator system will add approximately
77 kg to the mass of the kayak when there is a full load of fuel; however this is within the
capacity of the existing kayak shell.
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1 Introduction
The goal of this research is to design and analyze a series-hybrid energy-production system for
an autonomous sea kayak currently used for a variety of research. Currently these vehicles have
limited range due to energy storage in lead acid batteries. Extending the range would give the
vehicles more operating time in their environments, and allow a greater set of tests and
experiments to be conducted. The system proposed here involves a small diesel engine coupled
to an automotive alternator used to charge a Lithium-ion battery bank, which in turn powers the
existing electric drive motor.
1.1 Background
1.1.1 Hybrid Power Systems
In past ten years there has been resurgence in the energy sector for designing hybrid power trains
for passenger vehicles. Seen as the middle step between gas powered vehicles, and the eventual
establishment of Battery Electric Vehicles, a hybrid drive train provides the range afforded by a
gas system with the efficiency provided through the use of electric drive motors. While current
Hybrid Electric Vehicles employ some sort of parallel drive system, with both the gas engine and
the electric motors providing direct propulsion, future designs such as the Chevrolet Volt us a
series drive system, where a gas generator charges a battery which in turn powers a larger
electric drive motor. This arrangement allows for nearly continuous operating of the gas engine
at its most efficient operating conditions, saving on the inefficiencies of operation at low speed,
high torque situations. The series hybrid design also allows for extended operation of an electric
drive train, where the energy density of gasoline is much greater than any battery technologies.
1.1.2 Autonomous Sea Kayaks
Autonomous sea kayaks are currently employed in a variety of research areas. They were
designed as a low cost test platform that could be used to deploy towed-array sonar systems, as
well as help develop collision avoidance algorithms for multiple vessels operating in the same
area. The vehicles are currently powered by an electric trolling motor powered by lead acid
batteries. This system gives the vehicles a run time of approximately three to four hours. The
generator system proposed here would hope to extend the range of the vehicles to 30 days
without refueling. This platform imposes a number of design constraints which will be discussed
in the following sections.
1.2 Thesis Objectives
The objective of this thesis is to select the components necessary for a hybrid energy generation
system for existing autonomous kayaks. The results of this work will provide a set of
components for the system, an analysis of how they will affect the performance of the kayaks,
well as an analysis of the theoretical efficiency and range of the system.
1.3 Thesis Organization
Following the current introduction, the organization of this report continues with a definition of
the problem as well as a list of the design constraints for the system, including the mass and
volume of components. This leads to the necessary parameters for the system, including the
desired range, the power output, and the energy storage capacity. The next segment will discuss
the analysis on the system, including the energy efficiency and the projected range of operation,
followed by the effect of the system on the test vehicle. A simple simulation is provided to show
the operating cycle of the generator system, as well as demonstrate the recommended control
algorithm for the generator. Finally the report will conclude with recommendations for further
study and possible prototyping of the system.
2 Conceptual Design
The conceptual design begins with gathering the important design constraints imposed by the
existing system. A commercially available trolling motor currently drives the craft, and it will be
left in place for this conversion. Following a definition of the design parameters, there will be an
overview of part selection, namely the diesel engine and the electric generator, which will be a
voltage-regulated alternator. Once the efficiency of that system is known, the fuel and battery
requirements will be discussed. Finally, there will be an overview of the selected design and a
description of how it would be integrated into the test vehicle.
2.1 Design Constraints and System Requirements
The kayak has both volumetric and mass constraints that will define the size of the system.
Figure 2-1 below shows a picture of the sea kayaks used in this design. The kayaks currently
have a mass of 75 kg, including the kayak shell, the battery, the control computer, and the
trolling motor. The existing propulsion system utilizes a 12 V sealed lead acid battery, with a
mass of 31 kg and dimensions of 0.33 m by 0.17 m by 0.25 m. The electric storage capacity of
the system is 1260 Wh, leading to an energy density by volume of 89.1 kWh/m 3 and an energy
density by mass of 40.25 Wh/kg(l).
Figure 2-1: Kayak used for this design
The system will be designed to fit within the confines of the kayak, with as much protection from
the elements as possible. The kayak used is the Wilderness Systems Pungo 100 recreational
kayak. This vessel has a maximum capacity of 147 kg(2). The dimensions of the cockpit are
1.45m long and 0.56m in width. Currently the drive motor and the steering mechanism are
located just aft of the cockpit on the other side of a bulkhead. The computer is located just
forward of that bulkhead, and the battery is located forward of the computer. Figure 2-2 below
shows the existing power train
Figure 2-2: Schematic of existing power train layout
For this report it will be assumed that the motor consumes 360 W during continuous operation in
its existing condition. The system is also a nominal 12V, resulting in a current draw on the order
of 30 A. The gas generator must be small enough to fit within the confines of the kayak, and be
efficient enough to provide the required energy for extended operation. The size of the battery
storage system will depend on the selected generator on and the duty cycle of the electric drive
motor during operation.
As mentioned before, the kayak imposes a number of mass constraints on the system. Table 2-1
below outlines those constraints
Table 2-1: Mass constraints of kayak
Component Mass (kg)
Maximum allowed capacity 147
Kayak shell 22
Trolling motor 12
Computer 10
105 Ah SLA Battery 31
Allowed mass for new system 125
The system should provide enough energy storage capacity for the vehicle to operate for 30 days
without need for re-fueling. The fuel storage system should be designed that the operating
characteristics of the vessel do not change significantly depending on the level of fuel in the
tank, and the system should be able to pump fuel into the tank of the engine. The battery storage
system should provide enough capacity such that it can sustain operation for a period of time of a
few hours without generator ignition.
2.2 Theoretical Background and Component Selection
This section describes the theoretical background for the components of the system, and then the
actual components which were selected for the design. The engine selected will be a small diesel
engine that can fit within the constraints of the vehicle. The generator will be a 14 V voltage-
regulated alternator which will be attached to the engine by a belt drive. Finally, the capacity of
the fuel storage system will be calculated based on the planned operation of the system. The
battery bank will be sized accordingly to the system requirements discussed above.
2.2.1 Engine Theory
An internal combustion engine is a heat engine which converts thermal energy to mechanical
work. The two major categories of internal combustion engines are Otto-cycle gasoline driven
engines and diesel engines. Diesel engines are preferred for marine applications, and they are
characterized by high efficiency and good reliability. A typical Pressure-Volume diagram for a
four cycle Diesel cycle is shown in Figure 2-3 below. Beginning at point 0 in the diagram
below, fuel is drawn in when the cylinder retracts. The process 1 to 2 is the adiabatic
compression of the fuel-air mixture. At point 2 the mixture has reached the ignition point where
it combusts at constant pressure to point 3. The air then goes adiabatic expansion to point 4,
where the process 3 to 4 is the power stroke. The combustion chamber is then exhausted to
atmospheric pressure at point 1, and the combustion gases are then driven out of the chamber to
atmospheric pressure in the process 1 to 0. The cycle then repeats itself as before.
constant pressure
adiabatic
4 constant volumie
Figure 2-3: The ideal diesel cycle
The efficiency of a Diesel-cycle engine is given by Equation 2-1
1 1 r__1]
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where y is the ratio of specific heat of the gas, r, = V2/VI and re = V3/V2. The actual efficiency of
the engine will be significantly less due to a variety of internal losses. These losses include
frictional loss from engine components, heating of the engine, as well as air pumping loss from
the compression of the fuel. The efficiency of an internal combustion engine also varies with
shaft speed and output power. Typically an engine is most efficient towards the middle of its
operating speed range, as at high speeds there are significant losses due to air pumping, and at
low speeds the fuel consumed is not being used to its greatest potential. Ideally, the engine
selected will have a maximum efficiency at the same operating conditions of the alternator,
where the two can be matched with a belt drive.
The engine selected for this project is the Kubota OC60 4.5 kW diesel, which was selected
because it is a very small diesel engine that could fit within the confines of the vehicle. The
engine is shown in Figure 2-4 below, along with the relevant component parameters in Table
2-2.
Figure 2-4: Kubota 4.5 kW diesel engine (3)
Table 2-2: Specifications of engine selected for design (3)
Parameter Value
Dry Weight 38 kg
Maximum speed 3600 RPM
Maximum power 4500 W
Length 461 mm
Width 403 mm
Height 458 mm
Displacement 0.276 L
The performance curve for this engine is shown in Figure 2-5 below.
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Figure 2-5: Performance curve of Kubota 4.5 kW diesel (3)
As shown in Figure 2-5 the engine consumes the least amount of fuel around 2500 RPM. This
will result in a power output of 3500 W.
2.2.2 Generator Theory
Given the power output of the diesel engine, the next step in the system design is the sizing of
the generator. Once the theory dictates the general requirements for the generator, a specific
commercially-available model will be selected. The generator selected for this system will be a
standard alternator found in most current vehicles. An alternator was selected for this
application because they have a regulated output voltage which is necessary for safe charging for
the battery. The standard type of alternator is the Lundell alternator, with a diode rectifier
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supplying a fixed output voltage (4). Figure 2-6 below shows the typical output power v.
rotational speed of the alternator plot.
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Figure 2-6: Electrical Power Output vs. Alternator Speed (4)
As shown in Figure 2-6, the relationship between the output electrical power and the rotational
speed is approximately linear for low speeds; however the relative increase in power compared
to the increase in speed decreases and plateaus for higher speeds. This is a function of the diode
rectifier limiting the output voltage, where a higher operating voltage would allow the alternator
to reach a higher power output for a given rotational speed (4).
The efficiency of the alternator is defined by Equation 2-2 below
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which is a ratio of the electrical power output of the alternator compared to the mechanical shaft
work input into the alternator. The efficiency of a typical alternator over a variety of speeds is
shown in Figure 2-7 below
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Figure 2-7: Typical alternator efficiency at different speeds (4)
The efficiency curve begins at 61% for idle speeds (1800 RPM), and decreases almost linearly to
45% at cruising speeds (6000 rpm). This indicates that the optimal operating point for an
alternator is at low speeds.
The alternator efficiency and the power output of the engine decide which alternator should be
purchased. From Figure 2-5, the power range of the engine is from 2.2 kW at 1800 RPM to 4.5
kW at 3600 RPM, with maximum engine efficiency at 3.5 kW. The efficiency of the belt drive
will be very close to 1, so it will not be considered at this point in the analysis. The alternator
will be operated at low speeds, resulting in an efficiency of approximately 60%. This places the
desired power output of the alternator between 1.3 kW and 2.7 kW, with a maximum efficiency
around 2.1 kW. The alternator outputs a constant 14 V nominal, which means that the output
current should be between 90 A and 190 A at low speeds.
The alternator selected for this design is the Amptech 200 Amp marine alternator, shown in
Figure 2-8. This design was selected because its output current ranges from 85 A to 185 A,
which matches the desired range based on engine power and alternator efficiency. It has a mass
of 12 kg.
Figure 2-8: Amptech 200 A marine alternator (5)
The operational curve for the alternator is shown in Figure 2-9 below.
Figure 2-9: Operating curve for alternator (5)
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The operating curve presented here follows the general shape of the operating curve presented in
Figure 2-6 above. For the sake of analysis in the following section, it will be assumed that the
efficiency of the alternator also follows the curve in Figure 2-7.
2.2.3 Coupling of Engine to Alternator
The engine will be coupled to the alternator with a belt drive similar to what is found in most
automotive applications. This allows the use of readily-available components with minimal
custom manufacturing. The efficiency of a belt drive is defined by Equation 2-3
r7bt - 'alt (2-3)
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which is a comparison of the mechanical power put into the alternator to the mechanical power
output of the engine, where there will be power lost due to the frictional losses in the system.
The pulleys will ensure that the rotational speed remains at a fixed ratio; however the torque
produced will be slightly less. Since this value must be attained experimentally, the efficiency
will be set to 95% as the average value for belt drives of this nature (6).
In order to determine the drive ratio of the belt system, the power curves of the engine and the
alternator must be matched in a way to optimize system efficiency. Figure 2-5 above gives the
performance characteristics of the engine, including the gas consumption. This gas
consumption, given in grams of diesel consumed per kWh of output work, is the inverse of
energy density by mass. These values can be compared to the lower heating value of the diesel
to yield the second law efficiency of the engine, shown in Equation 2-4 below. The lower
heating value of the fuel is 43 MJ/kg, which is equivalent to 11.9 kWh/kg.
/ -1
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Figure 2-9 above gives the output current of the alternator as a function of rotational speed. The
current is at constant voltage of 14 V, which means an output power curve can be derived from
these values. The efficiency of the alternator will be assumed to be equivalent to the efficiency
curve presented in Figure 2-6 above. The output power in conjunction with the efficiency can be
used to derive the input shaft power that must be provided to the alternator. Taking Equation 2-3
above, giving the efficiency of the belt drive, the shaft power into the alternator can be divided
by the belt drive efficiency to calculate the required power from the engine.
The efficiency of the engine-alternator system as a whole is the product of the individual
efficiencies. The individual component efficiencies along with the overall efficiency are
presented in Figure 2-10 below. The maximum value of the overall efficiency defines the ideal
operating condition for the system, from an energy conversion point of view.
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Figure 2-10: Generator component and system efficiency
From Figure 2-10, the optimal operating point for the engine-alternator system is at a power of
2900 W. Table 2-3 below outlines the relevant operating conditions for the system.
Table 2-3: Operating parameters for generator system
Parameter Value
Engine Power 2900 W
Engine Efficiency 0.316
Belt Drive Efficiency 0.95
Alternator Output Power 1600 W
Alternator Efficiency 0.580
Engine Speed 2217 RPM
Alternator Speed 2586 RPM
Drive Ratio 1.167:1
Overall Engine-Alternator Efficiency 0.1744
Gas Consumption 0.482 kg / kWhe
Alternator Output Current 115 A
2.2.4 Fuel System Capacity and Architecture
The fuel system must be able to store enough fuel to provide the energy required for 30 day
operation. In order to calculate this amount, a number of factors must be taken into
consideration. The first factor is to estimate the energy consumption of the kayak over a typical
day. For the purpose of this report, it will be assumed that the kayak is operating at full power
for 6 hours out of the day and station keeping for the other 18 hours. Full power will be defined
as operation at 360 W. The station keeping power requirements are less clear. The assumption
for this report is that the vehicle will operate at partial power, 200W, for 25% of the time. These
operating conditions indicate a total motor energy requirement of the motor of 3.06 kWh per day.
Over a 30 day period, this amounts to an energy requirement of 92 kWh.
In order to calculate the total amount of fuel required, the efficiency for the system must be
computed. The efficiency of the system as a whole is defined by Equation 2-5 below
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Table 2-4 below gives the assumed values for the efficiencies.
Table 2-4: Efficiency values of system
Parameter Efficiency
Diesel 0.316
Belt 0.95
Alternator 0.580
Charging System 0.95
Overall System Efficiency (Tank to Electrical Power to Motor) 0.165
The charging system efficiency was arbitrarily selected to account for the heating of components
and resistive losses in the wires. The charging efficiency of Lithium-ion batteries is very close to
100%(7). The lower heating value of diesel fuel is 11.9 kWh / kg. With an efficiency of 0.165,
this results in approximately 1.96 kWh of electrical energy for every kg of diesel. In order to
obtain 92 kWh, this would require 47 kg of diesel fuel. The volumetric density of diesel fuel is
on the order of 900 kg/m 3 resulting in a volume of 52 L of fuel.
The fuel requirement is significant given the size of the vessel. In order for the vessel to remain
stable at a variety of fuel load levels, there will need to be at least two tanks distributed around
the center or buoyancy of the vessel. This will require a small fuel pump to bring the fuel to the
take on the engine. The two tanks will be interconnected with a fuel line to ensure that the fuel
levels in both remain equal, since they will be on either side of the center of buoyancy. A typical
small electric fuel pump can deliver over 14 L per hour at 12 V, which means the 1.2 L fuel tank
on the engine could be filled in 6 minutes while the engine is not operating. The engine tank
would hold around 1 kg of diesel, which would be converted to almost 2 kWh electric, which
means that the fuel tank on the engine would be filled around 1.5 times per day.
2.2.5 Battery Pack Sizing
The size of the battery pack is primarily determined by the mass and volumetric constraints of
the vehicle. The current electric storage capacity of the kayak is 1.26 kWh. This gives the kayak
a runtime of around 3 hours, which corresponds with the power consumption estimate of 360 W
for continuous operation. The desired run time of the vehicle is 30 days, mainly of station
keeping, with periodic tasks at full power. Since the power of the generator is much larger than
the power consumption requirement of the motor, the size of the battery bank does not have the
same significance as it would in the typical hybrid electric vehicle, where the battery bank is
sized such that the engine can operate almost continuously at its most efficient conditions,
limiting the inefficiencies of idling and running at very high power. Rather, the battery bank can
be sized to fit within the vehicle, and to limit the number of times the generator needs to initiate
per day. The battery bank must also be large enough to meet the charging and discharging
requirements of the alternator power output as well as the motor power draw. This means that
the battery cells can provide enough current to operate the motor without support from the
alternator, as well as be able to accept the current from the alternator.
At this point it is important to define the battery which will be used for the battery bank. Current
battery technology places Lithium ion batteries as the superior technology on the market. Table
2-5 below gives the relevant parameters for Lithium ion cells, as compared to lead acid batteries
which are currently employed on the kayak. The Lithium Ion cells used here are the a123
Systems 26650 cells, shown in Figure 2-11 below. These cells would have to be built into
battery modules for use in the vehicle
Figure 2-11: a123 Systems 26650 Lithium Ion battery cell (8)
Table 2-5: Comparison of Lithium Ion to Lead Acid batteries (8)
Parameter Lithium Ion Lead Acid
Energy density by mass 108 Wh / kg 40 Wh / kg
Energy density by volume 220 kWh / mA3 90 kWh / mA3
The Lithium ion cylindrical cells will be assembled into battery modules which will decrease the
energy density by volume to around 65% of the above value. These battery systems also require
a very complex battery management system (BMS) to regulate the cell voltage; however the
technology does exist and will become more readily available in the future.
The Lithium ion cells have a nominal voltage of 3.3 V per cell, with a peak voltage of 3.6 V per
cell at full charge. This profile is shown in Figure 2-12 below. Due to the cell voltage, the
battery pack developed will have 4 cells in series, for a nominal pack voltage of 13.2 V and a
peak voltage of 14.4 V.
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Figure 2-12: Discharge proffle for a123 systems 26650 Lithium Ion cells(8)
Based on this profile, the cells will be operated in the flat region of the curve, from
approximately 0.25 Ah to 2.0 Ah. This will extend the lifetime of the cells and simplify the
charging system. The charging profile for a battery is shown in Figure 2-13 below. The
charging method is Constant Current at the charging current, and then Constant Voltage at 3.6 V
once the battery voltage reaches 3.6 V. Due to the ability to rapidly charge the pack at constant
current, the charging algorithm will only involve the constant current section, which will
simplify the charger design.
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Figure 2-13: Charging profile of lithium ion battery
The recommended charging rate for the cells is 3A at 3.6 V per cell. The power output of the
generator system will be approximately 145 A at 14 V. In order to obtain the charging rate of 3
A, there would need to be 35 cells in parallel. A larger battery bank means that the engine would
spend more time operating in its most efficient speed, and less time starting which consumes
more gasoline. Another consideration is the volume and mass constraints of the kayak. Table
2-6 below gives the mass of the components of the kayak and generator design
Table 2-6: Mass of generator system components
Component Mass
Diesel Engine 38 kg
Alternator 11 kg
Fuel 47 kg
Allowed Mass of new components 125 kg
Remaining Mass to Maximum Capacity 29 kg
The mass of a battery bank of 4 cells in series and 35 cells in parallel, or 140 cells total, will have
a mass of approximately 12 kg. The cells will be arranged in 4 slabs 7 cells long and 5 cells
wide. Two slabs will be stacked on top of each other, forming a 6.6 V module. There can be
two of these modules. The dimensions of each would be approximately 0.21 m long, 0.16 m
wide and 0.16 m high.
2.3 Effect of Generator on Kayak
The addition of the generator system will greatly affect the mass and weight distribution of the
kayak. This section discusses the component layout to ensure the balance of the vessel, as well
as how the added mass will affect the power requirements of the vessel.
2.3.1 Component Layout
In order for a vessel to sit level in the water, the center of mass should be directly above the
center of buoyancy. The components were arranged in a way to place the center of mass as close
to the center of buoyancy as possible. The mass of each component was assumed to be
concentrated in its geometric center. Components were then arranged such that there would be a
moment balance around the center of buoyancy. The locations of the components are listed in
Table 2-7 below. The "Distance from CB" is the distance of the center of the object from the
Center of Buoyancy of the vessel.
Table 2-7: Balance of components in vessel
Item Mass (kg) Distance from CB (m) Moment (Nm)
Diesel 38 -0.07 -63.3
Alternator 11 0.26 17.2
Battery 12 1.1 117.6
Fuel tank 1 23 0.48 85.7
Fuel tank 2 23 -0.4 -112.7
Kayak 22 0.15 10.8
Trolling motor 12 -0.66 -89.4
Computer 10 0.8 68.6
Sum of Moments 34.5
The new component layout selected is shown in Figure 2-14 below. This layout will require
movement of the computer, as well as removal of bulkheads currently at the ends of the cockpit.
The engine-alternator combination will be placed at the center of buoyancy of the kayak in order
to maximize the stability of the vessel. The fuel will be stored in two tanks, each having a
volume of 26 L. One tank will be directly aft of the engine, while the second tank will be directly
forward of the alternator. The computer will be relocated to the forward portion of the cockpit,
in front of the forward fuel tank. This will maintain good access to the computer for
modifications. The battery bank will be located in front of the computer. The center of
buoyancy is the "X" in the schematic
Engine & Alternator Computer
Fuel tanks 
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Figure 2-14: New component layout inside of kayak
2.3.2 Change to Power Requirements
A ship traveling through water has to overcome the resistance encountered due to the
hydrodynamic properties of water. The water primarily imposes two types of drag on the vessel,
the viscous drag and the wave drag. The viscous resistance is defined in Equation 2-6 below
R, =- pv2SC, (2-6)
2
where p is the density of water, v is the ship's speed, and S is the wetted surface area. An
increased displacement will increase the surface area for this component of the resistance. Cv is
defined by Equation 2-7 below
C= 0.075 (2-7)
loglovL -2
where L is the waterline length, v is the vessel speed, and v is the kinematic viscosity of water.
The wave drag of the vessel is based on the exact profile of the hull, and is beyond the score of
this report. Therefore, Equation 2-8 below gives a formula for the total drag on the hull
R, = I pv 2CD3 (2-8)
2
where D is the displacement of the vessel. C, is defined as the total coefficient of drag, and it is
typically determined experimentally. The power requirement for a vessel to travel at a certain
velocity is calculated by Equation 2-9 below
P = Rv (2-9)
In order to estimate the power requirements of the vessel under a heavier load, Equation 2-8
along with Equation 2-9 will be used. Using the assumption that the vessel requires 360 W to
travel at a speed of 3 kts, an increase in the displacement from 0.075 m3 to 0.152 m3 will make
the new power requirement 575 W to maintain the same speed. If the power consumption is kept
constant ate 360 W, the heavier vessel would travel at 2.5 kts rather than 3 kts, or a 15%
reduction in speed, which is a result of the cubic relationship between the velocity and the power
requirement.
3 Control Algorithm and Simulation
3.1 General Algorithm Overview
This section gives a broad overview of the control algorithm that should be implemented for this
system. The simulation below is shown to demonstrate the function of the system, while a very
complex code would have to be written for a prototype to function properly
3.1.1 Vessel Operating Schedule
Over a 30 day period, the vessel will spend the majority of its time station keeping, while
executing one to two three to four hour tasks throughout the day. For simulation purposes, the
vessel begins the day with a 4-hour task, and then station keeps for the next 8 hours. This cycle
then repeats itself. See Section 2.2.4 for a description of the duty cycle over the planned
operation time.
3.2 Specific System Parameters
The battery pack will be maintained in a state of charge between 10% and 90% of its maximum
capacity, as discussed in Section 2.2.5. This will allow for optimal battery life and avoid
damages to the cells from dropping below their acceptable voltage range. The control system
will sense when the pack voltage drops below 13.0 V, which corresponds to a cell voltage of
3.25 V. As shown in Figure 2-12 above, the voltage of the cell declines quickly at very low
states of charge, which means that the sensing system must react very quickly to a drop in pack
voltage.
As discussed above, the bulk of the fuel will be stored in two tanks distributed about the center
of buoyancy of the vessel, with a pump to supply fuel to the tank on the engine which is 1.2 L in
volume. Ideally there will be a float switch within the tank on the engine, which can provide a
direct reading of the fuel level. The fuel pump, which should provide a flow rate of 12 L / hour,
will fill the small tank in 6 minutes.
A final important control system parameter is the criteria for when to return to port. For this, the
safest constraint is to have a float switch in the fuel tanks to give a signal to the control computer
when the tank is empty. Due to the movement within the tank, this system will have to have a
high-pass filter on it which will ensure that the level reading is sustained over a significant
amount of time, to prevent false positives from the vessel moving with the environment.
3.3 Simulation results
A simple simulation code was made to give a graphical representation of the vehicle operation
over time. Figure 3-1 below shows the energy storage in the battery over time for the typical
day, with a 4-hour tasks operating at 360 W for 4 hours, and then sustained station keeping at an
average power of 50 W for 8 hours. This is then repeated.
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Figure 3-1: Simulation of Battery Energy Level
The generator initiates when the battery pack reaches its lower limit of state of charge. When the
kayak is executing a task and under full motor power, the generator is able to recharge the pack
in 41 minutes. Alternatively, when the vessel is station keeping, the generator is able to charge
the pack in only 30 minutes.
4 Conclusions
4.1 Discussion of System
The system presented here would provide the energy required for extended operation of an
autonomous kayak. Prototyping of this system would likely prove to be a difficult task in
ensuring the required reliability for operation in an extreme environment for up to 30 days at a
time. Over that time frame the generator would run around 100 times, meaning that the
generator would have to have a failure rate of less than 1 % which is a significant engineering and
reliability requirement. This system would best be implemented on a shorter test period where
the required fuel load could be significantly smaller. The instrumentation of the sensory system
would also be significant, and a number of fail-safes would have to be implemented to protect
the vehicle. From an energy efficiency standpoint, the diesel engine used has a relatively low
efficiency for that type of engine, where standard diesels have efficiencies approaching 50%. It
is possible that a different type of engine could convert the energy more efficiently or a smaller
engine operating for a longer period of time could save even more on the inefficiencies of
startup.
4.2 Conclusions
In this research, a generator system is designed to extend the operating range of an autonomous
kayak. The system uses a 4.5 kW diesel engine coupled to a 200 A marine alternator to charge a
lithium ion battery bank. The analysis here took the operating parameters of the engine and
matched them to the alternator to maximize the efficiency of the system. The overall second law
efficiency of the system was determined as 0.165, from the lower heating value of the diesel to
the electric power delivered to the trolling motor. Each of the various components was sized
accordingly for this application. The vessel will require 52 L of diesel fuel for operations lasting
30 days. The battery pack will have a useful capacity of 808 Wh, which involves maintaining
the lithium ion batteries between a state of charge of 10% and 90%, simplifying charger design.
The components were arranged within the kayak in order to maintain stability, which will require
modifications to the existing layout of the kayak. The generator system will add approximately
77 kg to the mass of the kayak when there is a full load of fuel; however this is within the
capacity of the existing kayak shell.
4.3 Suggestions for Future Work
Future work would involve the prototyping and analysis of the system. This would allow the
user to validate the energy efficiency of the system, namely evaluating the energy losses during
the starting sequence of the engine. Other efficiency losses that could be assessed are the
charging losses, as well as the output energy of the alternator system. There would also be
substantial work in the actual construction and synchronizing of all of the components. A variety
of sensors would be needed, and an extensive control algorithm would have to be written. The
charging and battery management system for the lithium ion batteries are also very complicated
technologies just reaching the commercial sector today. It is possible that an inferior, but more
established chemistry such as Nickel-metal hydride could be used.
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